To investigate the cumulative incidence of second malignancy and the competing risk of death due to any other cause in patients who were treated for childhood acute myeloid leukemia (AML), we analyzed the outcomes in a cohort of 501 patients who were treated at St Jude Children's Research Hospital between 1970 and 1996. Five patients developed a second cancer (two carcinomas of the parotid gland, one non-Hodgkin's lymphoma, one supratentorial primitive neuroectodermal tumor, one acute lymphoblastic leukemia) as compared with 0.47 expected in the general population (standardized incidence ratio, 10.64; 95% confidence interval, 3.28 to 22.34). A third neoplasm (meningioma) developed in one patient. At 15 years after the diagnosis of AML, the estimated cumulative incidence of second malignancy was 1.34% ± 0.61%, whereas the cumulative incidence of death due to any other cause was 72.96% ± 2.14%. We concluded that although a more than 10-fold increased risk of development of cancer was found in survivors of childhood AML as compared to the general population, the risk of this late complication is small when compared to the much larger risk of death because of the primary leukemia or the early complications of its treatment. Future studies should focus on improving treatments for primary AML while preventing second malignancies. Leukemia (2001) 15, 41-45.
Introduction
Acute myeloid leukemia (AML) is diagnosed in approximately 500 children in the United States each year and is four times less common than childhood acute lymphoblastic leukemia (ALL). 1 Current chemotherapeutic regimens cure as many as 70 to 80% of children with ALL, but only 30 to 40% of those with AML. 1 Although much is known about the incidence of and the risk factors for the development of late sequelae after treatment of childhood ALL, the late sequelae of treatment of childhood AML are largely unknown because there are few long-term survivors. 2 Few complications of leukemia therapy are as devastating as a second cancer. To our knowledge, no studies have focused on the risk of second malignancy after the treatment of childhood AML. Here we report our findings of the cumulative incidence of second malignancy and the competing risk of death due to any other cause in a large cohort of patients who were treated for childhood AML at St Jude Children's Research Hospital between 1970 and 1996.
Patients and methods

Patient characteristics
Between January 1970 and December 1996, 501 patients were enrolled on one of our AML treatment protocols. 
Follow-up procedure and review of second malignancies
The routine follow-up procedures at the institution and the reporting of second neoplasms in long-term survivors have been described previously. 10, 11 Details of the clinical characteristics and treatment histories of the patients in whom a second malignancy developed were obtained from the medical records. All pathologic materials of the second malignancy were reviewed and classified by our pathologists. For patients in whom ALL developed after AML, detailed comparison of the diagnostic samples was performed by using flow cytometry, cytogenetic studies, and molecular genetic analysis to determine whether ALL represented a relapse or a clonal evolution (eg from a mixed-lineage leukemia) rather than a new leukemia. Four such cases of a 'phenotypic switch' 12 were found in the course of this study, and they were not considered to be secondary leukemias.
Statistical analysis
The cumulative incidences of second cancer and death due to any other cause were estimated by using the method described by Gray. 13 The time during which a patient was at risk of a second cancer was defined as the time from the date of diagnosis of primary AML to the date of diagnosis of a second cancer, the date of death, or the date of last contact, whichever came first. The development of a second cancer and death due to any other cause were considered to be competing events.
To calculate the standardized incidence ratio of second cancer, the number of person-years at risk for the study cohort were partitioned into 5-year age categories that were identical to those for the Surveillance, Epidemiology, and End Results (SEER) data of the National Cancer Institute.
14 The standardized incidence ratio was calculated as the ratio of the number of observed cases to the number of expected cases determined by using the SEER statistics. The 95% confidence intervals were estimated by a method described by Vandenbroucke.
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Results
Of the 501 patients, 326 (65.1%) died of primary AML, 26 (5.2%) died while AML was in remission, 144 (28.7%) were alive and free of a second malignancy, and 5 (1%) had a second malignancy. Of these five patients, two have died, two are alive, and one developed a third neoplasm (meningioma) and is alive ( Table 2 ). The duration of follow-up for the 147 survivors was 10.6 ± 6.1 years since the diagnosis of AML. Of the 144 patients who were alive and free of a second malignancy, the median time since the last follow-up visit was 1.3 years (range, 0.3 to 4.5 years).
Second malignancies UPN1:
A primitive neuroectodermal tumor developed in the frontal parietal area of the brain of a patient 9.2 years after the diagnosis of M5 AML and 8.6 years after the patient had received craniospinal irradiation for a CNS relapse. After 16 AlloBMT, allogeneic bone marrow transplant; Cr, cranial; Sp, spinal; TBI, total body irradiation; CS, craniospinal; T, testicular; PNET, primitive neuroectodermal tumor; S, surgery; C, chemotherapy; R, radiation to area of disease; SMN, second malignant neoplasm.
resection of the brain tumor, the patient was treated with chemotherapy consisting of procarbazine, lomustine, vincristine, and etoposide and with craniospinal irradiation (35.2 Gy) with local boost (30.8 Gy). He died of progressive brain tumor.
UPN2:
A mucoepidermoid carcinoma of the parotid gland developed in a patient 3.6 years after the diagnosis of M4 AML and 3.1 years after she received high-dose busulfan and cyclophosphamide with autologous bone marrow transplant. The chemotherapeutic agents she received before transplant included azacytidine, cytarabine, daunorubicin, etoposide, and thioguanine. She received no radiation therapy before the development of the parotid tumor. She is free of disease 7.4 years after a parotidectomy and local irradiation (55 Gy).
UPN3:
A mucoepidermoid carcinoma of the parotid gland occurred in a patient 4.1 years after the diagnosis of M2 AML and 2.2 years after she received an allogeneic bone marrow transplant from her matched sibling. She is free of disease 10.9 years after a parotidectomy.
UPN4:
M4 AML in which the leukemic cells stained positively with myeloperoxidase, Sudan black, and alpha napthyl butyrate esterase was diagnosed in a fourth patient. The cytogenetic findings at the time of diagnosis were normal (46, XY). The patient was treated on protocol AML83 with etoposide, cytarabine, daunorubicin, thioguanine, azacytidine, amsacrine, vincristine, doxorubicin, and cyclophosphamide. Within 3 months after completing therapy for AML, he was found to have an early pre-B ALL that was characterized by a t(11;19)(q23;p13) and the absence of myeloperoxidase, Sudan black, and alpha napthyl butyrate esterase staining. The lymphoblasts were positive for CD19 and CD22, but were negative for CD10 and cytoplasmic immunoglobulin. The study at diagnosis was repeatedly rechecked to determine whether 43 they contained the same t(11;19) seen in the ALL lymphoblasts, but the translocation was not found. Therefore this patient, unlike the four other patients mentioned in the Methods section, was considered to have a second malignancy instead of a phenotypic switch. He died of progressive ALL.
UPN5:
This patient experienced three relapses of AML in the CNS, the testicles, and the bone marrow, respectively. A non-Hodgkin's lymphoma developed in the nasal septum 11.3 years after the diagnosis of AML and 9.5 years after craniospinal irradiation and was treated with local irradiation (20 Gy) and chemotherapy (cyclophosphamide, doxorubicin, vincristine, prednisone, 6-mercaptopurine, and methotrexate). Twenty-one years after the diagnosis of AML, 19 years after craniospinal irradiation, and 10 years after the diagnosis of lymphoma, a meningioma developed. The patient is free of disease 7.8 years after resection of the meningioma.
Incidence and competing risk of second malignancy
Based on the SEER incidence rate of cancer in the general population, the expected number of patients with a second cancer was 0.47, but five were observed (standardized incidence ratio, 10.64; 95% confidence interval, 3.28 to 22.34). The estimated cumulative incidence of a second malignancy increased from 0.66% ± 0.38% (standard error, s.e.) at 5 years after the diagnosis of AML to 1.34% ± 0.61% (s.e.) at 15 years. This cumulative incidence of second cancer at 15 years was 54-fold less than the cumulative incidence of death due to other causes during the same period of time (72.96% ± 2.14% (s.e.)) (Figure 1 ).
Discussion
This is the first published report describing in detail the risk of second malignancy in a cohort of patients with childhood AML. Among the 501 patients, we found that survivors have a 10.6-fold greater risk of cancer than the general population; the estimated cumulative incidence of second cancers is
Figure 1
Cumulative incidence of second malignancy and death due to any other cause.
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1.34% at 15 years after the initial diagnosis of AML. Misclassification and incomplete ascertainment of cases of second cancer were unlikely in this study because of the comprehensive pathologic studies and reviews and because of the close monitoring of survivors through a dedicated tumor registry at a single institution. This feature of our study is illustrated by the fact that four cases of ALL were reported to the registry but were excluded from this analysis because of genetic evidence of clonal evolution. Tumors such as meningioma and basal cell carcinoma of the skin are generally not included in the estimation of standardized incidence ratio because these tumors are not reported by the SEER program.
Although numerous studies have reported the risk of second malignancy among survivors of childhood cancer, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] the risk among survivors of AML has been unclear. Some of these prior studies did not include patients with a primary diagnosis of AML, while others did not distinguish the primary diagnosis of ALL from that of AML. [17] [18] [19] [20] [21] [22] [23] [24] We found only four studies that reported the number of patients with a primary diagnosis of AML who were in the cohort; either no second cancer or only one second cancer was reported for these four studies with a small number of patients (38 to 163 patients). [25] [26] [27] [28] Comparison of the findings of these four studies with those of our study is not possible because information about the person-years at risk or the cumulative incidence of second cancer in the survivors of AML was not reported.
Several studies have estimated the risk of second malignancy in patients treated for childhood ALL. [29] [30] [31] [32] The cumulative incidence was estimated to be approximately 2.5% at 15 years after the diagnosis of ALL. Irradiation is one of the most common risk factors for the development of a second malignancy after the treatment of ALL. [29] [30] [31] [32] [33] [34] Three of the five second cancers and the third neoplasm reported herein occurred in the irradiated field. One of the patients developed a parotid gland carcinoma following autologous bone marrow transplantation (BMT) without irradiation. Prior studies have demonstrated that approximately 25% of the secondary parotid tumors develop in patients who did not receive any radiation therapy. 35 Even when total body irradiation (TBI) is not part of the preparatory regimen before BMT, the high-dose chemotherapy itself may be carcinogenic, [36] [37] [38] although the risk is estimated to be at least three-fold less than that associated with conditioning regimens containing single-dose (Ͼ10 Gy) or fractionated TBI (Ͼ13 Gy). 36, 39 For patients with childhood leukemia who have undergone allogeneic BMT with or without TBI, the cumulative risk of solid cancer has been estimated to be as high as 11% at 15 years after BMT, with no difference in risk between patients with childhood ALL and those with AML. 39 The probability of competing risks must be considered in the estimation of the cumulative incidence of second cancer. This consideration is particularly important for a disease such as AML, which carries a high competing risk of death due to disease progression or early treatment complications. In this study, we found a very high cumulative incidence of death unrelated to second cancer (73% at 15 years after diagnosis). This incidence is more than 50-fold higher than the cumulative incidence of second malignancy. Statistically, the use of the Kaplan-Meier method would be inappropriate in estimating the cumulative incidence of second cancer because this method fails to take into account the hazard of competing risks and it overestimates the true cumulative incidence of second cancer. 40 Clinically, these results underscore the importance of future strategies for improving the treatment of primary AML while preventing the development of a second malignancy. If survival rates continue to improve (resulting in decreasing competing risk), the incidence of second malignancy will be higher than that described herein.
Besides second malignancy, survivors of childhood AML are also at risk for the development of other late sequelae. A recent study shows that less than half of the patients who survive more than 10 years after the diagnosis of childhood AML survive without late sequelae. 2 With further intensification of treatment such as the use of bone marrow transplantation, the risk of second malignancy and other late squelae may increase further.
This study has several limitations. First, although the ascertainment of cases was vigorous and resulted in high internal validity, the external generalizability remains to be proved. Second, although this study included more than 500 patients, the number of survivors with second cancers was small. Therefore, analysis of risk factors for a second malignancy could not be performed.
In conclusion, survivors of childhood AML have a 10-fold greater risk of cancer than the general population. However, the incidence of this late complication is much less than the incidence of death due to primary AML and early treatment complications. Future strategies should focus on improving treatment of primary AML while preventing the development of second malignancies and other late sequelae.
